Abstract

Background: In 2003 the INMA-INfancia y Medio Ambiente (Environment and
Childhood) Project, a Spanish national network of birth cohorts including more than 3500 participants, was set up with the aim to assess the health impacts of pre-and postnatal environmental exposures on children. The project has published more than 60 papers on maternal and environmental factors related to neuropsychological development in children, one of the main research interests within the project. With the present review, we evaluate the evidence provided by the INMA project on this topic and discuss how the data can contribute to cover the challenges that children's environmental health research will face in the coming years.
Results: the INMA project has contributed to provide increasing evidence of the association between prenatal exposure to persistent organic pollutants (POPs) and child neuropsychological development, but it has also shown, using innovative methodologies, that postnatal exposure to these compounds does not play a role in this association. The project has also contributed to show the detrimental influence of certain air pollutants on child neuropsychological development, as well as how a balanced maternal fish intake can protect from the potential adverse effects of prenatal exposure to mercury. Also, the project has contributed to the understanding of impacts of nutritional factors including supplement intake and vitamin D levels during pregnancy and the role of breastfeeding on the neuropsychological benefits.
Conclusions: INMA findings underscore the importance of continued research on the delineation of the sensitive windows of exposure both during pregnancy and postnatally and on the combined effects of environmental exposures, denoted the exposome. In terms of health policy, INMA findings have important implications for the development of public health policies to advance the health and development of children. another birth cohort was set up Granada (n=668, including only boys). Based on the experience from these three cohorts, a new common research protocol was developed and four new cohorts were designed to evaluate the impact of environmental exposures and diet on children's health: Valencia (n=787), Sabadell (n=622), Asturias (n=485) and Gipuzkoa (n=612) 2, 3 . Overall, the project includes more than 3500 participant motherchild pairs.
Keywords
Since 2001, the number of original papers published by the project has exponentially increased and so far more than 300 articles are contributing to the knowledge of the association between pre-and postnatal environmental exposures and child health. One of the main research interests within the INMA project has been the study of the neuropsychological development of children and, along the years, different tools, listed in Table 1 , have been used in order to evaluate cognitive and psychomotor functions as well as behavioral outcomes.
Overall, the INMA project has published more than 60 papers on maternal and environmental factors related to neuropsychological development in children. Beyond the work conducted by other research teams, that contributes to the evidence of the associations between environmental factors and neuropsychological development in children, and beyond the mechanisms that explain these associations, which have been discussed in other articles 4 , with the present review we aim to evaluate the evidence provided by the INMA project up to January 2016 on which maternal and environmental determinants during pre-and postnatal life are associated with child's neuropsychological development and to discuss how INMA data is contributing to cover the challenges that child health environmental research will face in the coming years. problems/inattention and hyperactivity) and an ADHD index. The CBCL/6-18 provides several behavioural scales grouped by three composite scales (internalizing, externalizing and total problems scales).
Results
Tools to assess neuropsychological development in INMA
Prenatal and postnatal factors related to comorbidities Prenatal determinants
Persistent organic pollutants (POPs)
Because of their persistency and the health effects associated, the production and use of most POPs are currently banned in the majority of countries, which has led to a general reduction of the exposure levels in the environment and human tissues 14 . However, due to their properties, humans are still exposed to low levels of these compounds 14 .
In Table   2 ).
In Menorca, where children were classified as exposed and non-exposed to polybrominated diphenyl ether 47 (PBDE47) according to the limit of quantification (only 45% had detectable levels), no associations were observed between prenatal exposure and cognitive development at the age of 4 years 21 . However, in Sabadell and Gipuzkoa, the sum of different PBDE congeners were associated with decreasing mental development scores in the first year of life (β per log ng/g lipid =-2.25, 95%CI -4.75, 0.26), being PBDE209 the main congener responsible for this association. No relationship with psychomotor development was observed at that age 22 . The association between prenatal PBDEs exposure and behavioral outcomes (ADHD symptoms and social competence) was also assessed in children from Menorca, but no associations were found 21 (Table 2 ).
In summary, the INMA project has provided evidence of the neuropsychological impacts of prenatal exposure to some organochlorine compounds, particularly DDT/DDE and PCBs in relation to cognitive development and HCB in relation to behavior problems. For other POPs (mirex, PBDEs), some effects on cognitive and psychomotor development have been also described.
Metals
Certain metals are considered developmental neurotoxicants, such as methylmercury, lead, arsenic and manganese 4 . Medium-high prenatal exposure to mercury has been . In the birth cohort of Sabadell, several metals (cobalt, cupper, arsenic, cadmium, antimony and lead) were measured in urine samples of mothers during the 1 st and the 3 rd trimesters of pregnancy 25 . Results showed no associations between low prenatal levels of these metals and cognitive and psychomotor development or behavioral symptoms 25 ( Table 2) . One of the limitations of this study was that the matrix and technique used to measure lead were not the most appropriate (whole blood is the most suitable biological matrix), and therefore many children were classified as having non-detectable levels 25 . Overall, the INMA project has shown that in this
Mediterranean population, what is considered "elevated" levels of exposure to mercury during pregnancy do not seem to have a detrimental effect on the neuropsychological development of the infants. This, as we will discuss later, might be explained by the protective effects of maternal fish consumption, the main source of mercury in this cohort, among other factors 26 . In relation to prenatal low exposure to other metals and early neuropsychological development, the INMA project provided evidence of no associations.
Outdoor air pollution
Outdoor air pollution is a global public health threat. Animal studies have shown that air pollutants might reach the brain directly via the olfactory bulb and may themselves be proinflammatory 27 . However, research on the neuropsychological effects in humans, particularly in children, only started some years ago. A study including 1889 children from the four youngest INMA cohorts observed an inverse non-significant association between prenatal exposure to NO 2 and benzene and mental development at the age of 14 months 28, 29 . The associations were stronger among children whose mothers reported low intakes of fruits/vegetables during pregnancy 28 . In children from Gipuzkoa cohort it was also found an inverse association between prenatal PM 2. years of age 30 . Guxens et al. also evaluated the association between these air pollutants and autistic traits in a study including more than 8000 children from four to ten years of age in four European birth cohorts and no associations were observed 31 (Table 2) .
Overall, the INMA project, together with other birth cohorts in Europe, has shown a consistent association between air pollutants, particularly NO 2 , a marker of traffic related air pollution, and impaired neuropsychological development of children.
However, no associations with autistic traits have been described.
Residential indoor air pollution
In children from the region of Menorca, cognitive functioning and attentionhyperactivity behaviours were evaluated at age 4 years in relation to prenatal use of gas appliances, obtained by questionnaire, and indoor NO 2 concentrations at each participant's home 32 . The study found that both use of gas appliances and NO 2 concentrations were inversely associated with cognitive outcomes [β (95%CI) for general cognition=-5.10 (-9.92, -0.28) and =-0. . A second study, including more than 1800 children of 14 months of age, observed that children whose mothers used gas cooking during pregnancy had a small decrease in the mental development score compared with those using other cookers [β (95%CI)=-2.5 points (-4.0, -0.9)] 33 . This decrease was stronger when gas cooking was combined with less frequent use of an extractor fan, and was relatively consistent across strata defined by social class, education, among other covariates 33 ( Table 2 ). The INMA data published on indoor air pollution are consistent with those obtained for outdoor air pollution, although few papers have been published within the same project.
Smoking
Cigarette smoking reduces the health of smokers but also of those exposed to secondhand smoking 34 . Association between maternal smoking during pregnancy with the neuropsychological development of children at age 4 were evaluated in the region of Table   2 ).
Maternal fish intake
Fish is an important source of n-3 fatty acids, iodine, vitamin D, and other nutrients which are essential for brain development but is also a potential source of neurotoxins, such as POPs or methylmercury 37 . Fish consumption during pregnancy and during Overall, coefficients diminished 15%-30% after adjustment for mercury exposure or long-chain polyunsaturated fatty acid concentrations in cord blood 26 ( Table 2) . Studies from the INMA project show the potential benefits of balanced consumption of fish, and that these might be more evident in children breastfeeding less time than what is established by the current recommendations.
Maternal dietetic supplements intake
Folic acid supplements intake during pregnancy are recommended in order to reduce the incidence of neural tube defects and improve overall foetal growth. In fact, some studies indicate that a dose of 400 μg/day of folic acid is needed to avoid neural tube defects 39 .
In a study conducted in Menorca, the use of folic acid during pregnancy was associated . Detailed information on the daily doses of folic acid supplements was gathered from the mothers to assess a doseresponse analysis in a second study 41 . Authors observed that, at the age of 1 year, children whose mothers used folic acid supplement dosages higher than 5000 μg/day during pregnancy had a statistically significantly lower mean psychomotor scale score (Table 2 ). These results suggested that high folic acid supplementation (≥ 5000 μg/day) could be harmful for child neuropsychological development but it should be confirmed in further studies.
In the INMA project two studies have evaluated the effects of iodine supplementation during pregnancy 42, 43 , which is often recommended in order to ensure a proper thyroid function (the WHO recommends a iodine intake for pregnant and lactating women of 250 µg/day if iodized salt is not accessible for around of the 80% of the households 44 ).
In the birth cohort of Valencia, maternal intake of ≥150 μg/day of iodine supplements, compared with <100 μg/day, was associated with a 5.2-point decrease in psychomotor development (95%CI=-8.1,-2.2) at the age of 1 year 42 . However, when the analyses were extended to other cohorts, the association was not statistically significant [β (95%CI)=−0.9 (-6.9, 5.0) for psychomotor score, and a decrease of 1.8 point in mental score was observed (95%CI=-5.6, 2.0)] at the age of 1 year 43 . The results of these studies indicate that, at least in these Spanish regions, iodine supplementation does not improve infant neuropsychological development in the first year of life (Table 2) .
Maternal thyroid hormone levels
Maternal thyroid hormones play an important role in many fundamental processes underlying brain development and maturation of the fetus 45 . . In a second study including more than 1700 children, low free thyroxine (fT4) levels (<5th (Table 2) .
Vitamin D
Vitamin D has a crucial role in maintaining the musculoskeletal health and also has influences on the immune system and brain development and maintenance Table 2) . Above results indicate neuropsychological benefits by increasing vitamin D levels up to those clinically considered as optimal.
Phthalates and Bisphenol A (BPA)
Phthalates and BPA are non-persistent compounds that have been suggested to have effects on the neuropsychological development, based on some animal and child studies, but results are not consistent and there are still discrepancies among them 51, 52 .
The INMA project has been the first birth cohort to use two biological samples in order to measure phthalates and BPA exposure during pregnancy, reducing potential misclassification, in relation to different neuropsychological items (mental, psychomotor and behavioural) in children at different ages (1, 4 and 7 years). Results have not provide consistent associations across ages 51, 52 . (Table 2) .
Other determinants
The INMA project has also evaluated other potential determinants of the neuropsychological development in children such as maternal intelligence 53 and weight 54 , head circumference during pregnancy 55 , prenatal exposure to other endocrine disruptors 56 , the use of non-persistent pesticides at home 57 , the presence of dampness, pet ownership and farm animal at home 58 and the use of cell phones (electromagnetic radiation exposure) during pregnancy 59 (Table 2) .
A study including the children from Sabadell birth cohort observed that maternal IQ plays an important role in the first stages of cognitive development in children of more disadvantaged occupational social classes, but that for other groups the effects of maternal IQ on cognitive development were mostly explained by maternal education 53 .
Maternal pre-pregnancy obesity was associated with reduced infant cognitive Table 2 ).
The use of non-persistent pesticides at home during pregnancy has been obtained in INMA through questionnaires 57 . Researchers observed that the use of insecticide sprays during pregnancy was associated with a decrement in psychomotor development [β (95%CI)=-1.9 (-3.4, -0.5)] during the first year of life. These negative effects were enhanced in girls and in children with higher levels of prenatal PCB and mercury exposure and belonging to the lowest social class 57 (Table 2) .
Another study collecting information on pet ownership, as a marker of exposure to allergens, during pregnancy in the Menorca birth cohort showed no associations with cognitive and psychomotor development or social competence at the age of 4 years 58 (Table 2) . Table 2) .
Postnatal determinants
Persistent organic pollutants
Postnatal exposure to POPs in INMA cohorts has been evaluated in a lesser extent compared to prenatal exposure. PCBs exposure, measured at the age of 4 years (N=285), did not showed any associations with the cognitive or psychomotor development 18 . Another study estimating postnatal exposure to PCB153, DDE and HCB through PBPK models (N=1175) showed that although breastfeeding increased children's blood POPs levels during postnatal life, deleterious effects of PCB153 on neuropsychological development in the first year of life were mainly attributable to prenatal exposure 60 . In addition, postnatal exposure to PBDE47 (244 children were classified as exposed according to the limit of quantification) was not associated with (Table 3) .
Metals
Granada cohort evaluated the effects of postnatal exposure to metals on cognitive development of children in a cross-sectional study 61 . After adjustment for fish intake, increasing total mercury levels measured in 72 children's hair at the age of 4 years were associated with decrements in the general cognitive [β (95%CI)=-6.6 points (-13.04, - (Table 3) .
Outdoor air pollution
Granada cohort also evaluated the potential detrimental effects of outdoor air pollution on neuropsychological development of children 62 . (Table 3) .
Smoking
The relation between postnatal maternal smoking and neuropsychological development of INMA children has been also evaluated 35 . The study included mothers that smoked both during pregnancy and after birth and mothers that only smoked in one of these periods (N=420), and observed no associations between smoking and their child cognition, at the age of 4 years, among mothers smoking only after birth 35 (Table 3) .
Breastfeeding
INMA studies have reported the health benefits of breastfeeding in a number of studies. . Also, the benefits of breastfeeding on cognitive and executive function were described to be stronger in children whose mothers had lower education level (β=7.02) compared to those with a higher education level (β=2.59) 8 . Results also showed benefits of breastfeeding on . The study observed maternal genetic variants involved in colostrum n-3 LC-PUFA levels, associated with higher cognitive scores in their children. In infants, the study found that certain genetic variants modified the effects of breastfeeding on cognition, confirming gene-breastfeeding interactions 66 (Table 3) .
BPA
A cross-sectional study conducted in Granada (N=269 boys) observed that at the age of 9-11 years higher urinary BPA concentrations (only one sample) were associated with lower behavioural scores on some of the Child Behaviour Checklist (CBCL/6-18) scales (somatic complaints and social and thought problems), but no associations were observed with other scores, including ADHD problems 67 (not shown in tables).
Other determinants
Postnatal use of non-persistent pesticides at home did not associate with the mental or psychomotor development of children at the age of 1 year in a study including more than 2000 mother-children pairs 57 (Table 3) .
In relation to home conditions, persistent home dampness during early life significantly decreased the general cognitive score by 4.9 points (95%CI=-8.9, -0.8) and the social competence by 6.5 points (95% CI=-12.2, -0.9) at the age of 4 years in the birth cohort of Menorca
58
. However, pet ownership and the measured microbial compounds at the age of 3 months were not related with the psychometric tests scores. On the contrary, occasional farm animal contact increased the general cognitive score [β (95%CI)= 5.6
(1.8, 9.
3)] 58 (Table 3 ).
The effects of radiofrequency electromagnetic fields (non-ionizing radiation) were cross-sectionally evaluated in a subsample of boys of the Granada birth cohort at the age of 9-11 years 68 . The study observed that all exposure measurements were lower than reference guideline limits. Additionally, for most of the cognitive and behavioural parameters no associations were observed; only children living in areas with radiofrequency-electromagnetic fields exposure above median levels had statistically significant lower scores for verbal expression/comprehension and higher scores for internalizing and total problems, and obsessive-compulsive and post-traumatic stress disorders, in comparison to those living in areas with lower exposure 68 (not shown in tables).
Finally, the INMA project also evaluated the relationship between stress (using cortisol in saliva of children as biomarker), and neuropsychological development at the age of Similar results were found in the cohort of Granada with a cross-sectional study, including 300 boys at 10 years of age; children with TSH levels in the higher tertile had worse verbal memory, whereas children with higher free T4 levels had better attention, lower impulsivity and better cognitive scores 71 .
Other studies focused on the association between atopy and related outcomes and neuropsychological development 72, 73 . 
Discussion
The current review provides an overview of the main determinants of child's neuropsychological development studied within the INMA project and the main findings obtained, related with prenatal and postnatal exposures to maternal, environmental and dietary determinants and co-morbidities.
In terms of the environmental pollutants, INMA has provided substantial evidence for the inclusion of DDT in the current list of known developmental neurotoxicants 4 . In addition, our data have provided new knowledge on the relation between urban air pollution and impaired neurodevelopment, specially on executive functions, motor development and attention and autism spectrum effects 27 . This is a very relevant area of research given the health burden of urban air pollution 75 . INMA project has also contributed to show the detrimental influence of certain indoor air pollutants.
Furthermore, INMA is a very pertinent cohort to assess the effects of fish consumption and related pollutants, given the high and variable intake among the Spanish population, and some micronutrients. Thus, our results have shown that a balanced maternal fish intake could protect from the potential adverse effects of prenatal exposure to mercury.
The longitudinal nature of INMA will allow the following up for a potential delayed relationship between prenatal exposure and neurodevelopment as well as the role of other factors (diet, co-exposures or genetics) on it.
We have also found an important deficit of Vitamin D, with a high prevalence in a sunny country due to the current dominant indoor lifestyle. This issue raises an important public health concern that merits promoting global preventive interventions.
The project has also contributed to the understanding of the role of breastfeeding on the neuropsychological benefits.
The results relating exposure to non-persistent contaminants (such as BPA, phthalates, non-persistent pesticides) and neurodevelopment are still scarce and less consistent, not only within the INMA birth cohort but also in other studies, mainly because proper exposure assessment to these compounds is much more complicated, due to their exposure is highly changing along short periods of time [76] [77] [78] . Nevertheless, the INMA study has been one of the pioneering cohorts to evaluate these compounds and to study their association with neuropsychological impairment.
Interesting data have also been revealed concerning critical windows of exposure. 
